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Introduction {#sec001}
============

Hematopoiesis is a highly ordered multistep process that is orchestrated by various regulators including transcriptional factors \[[@pgen.1006259.ref001]\], cytokines \[[@pgen.1006259.ref002]\], and noncoding RNAs \[[@pgen.1006259.ref003]\]. Deregulation of important regulators in hematopoiesis could induce hematopoietic cancers including acute myeloid leukemia (AML) \[[@pgen.1006259.ref004]\]. In recent years, microRNAs (miRNAs) are emerging as novel regulators in myelopoiesis and AML. The aberrant expression of the miR-17-92 cluster which is epigenetically regulated by PU.1 contributes to leukaemogenesis \[[@pgen.1006259.ref005]\]. MiR-223 acts as a fine-tuner of granulocyte production and the inflammatory response in mice \[[@pgen.1006259.ref006],[@pgen.1006259.ref007]\], while miR-142-3p and miR-29a promote myeloid differentiation \[[@pgen.1006259.ref008]\]. Abnormally expressed miRNAs are associated with AML, serving as powerful prognostic indicators \[[@pgen.1006259.ref009]--[@pgen.1006259.ref013]\]. Several miRNAs, such as the miR-29 family \[[@pgen.1006259.ref014]\] and the miR-181 family \[[@pgen.1006259.ref015]\] have proven promising in AML therapy.

To reveal more miRNAs participating in myelopoiesis and AML development, we performed miRNA chip analysis and identified several miRNAs with expression change during monocyte/macrophage differentiation and in AML patients. Among them, miR-22 exhibited evident up-regulation during the differentiation and abnormal down-regulation in AML patients.

MiR-22 is reported to play an important role in several physiology processes and cancers. In mice, miR-22 targets Irf8 mRNA and controls the differentiation of dendritic cells \[[@pgen.1006259.ref016]\]. Moreover, miR-22 is a critical regulator in cardiomyocyte hypertrophy and cardiac remodeling \[[@pgen.1006259.ref017],[@pgen.1006259.ref018]\]. Interestingly, miR-22 can act as either a tumor suppressor or an oncogene in different cancers. miR-22 inhibits cell growth and induces cell-cycle arrest, apoptosis and senescence in breast cancer, colon cancer and lung cancer \[[@pgen.1006259.ref019]--[@pgen.1006259.ref022]\]. miR-22 was also reported to promote chronic lymphocytic leukemia B cell proliferation via activation of the PI3K/AKT pathway \[[@pgen.1006259.ref023]\].

*MECOM* (MDS1 and EVI1 complex locus), also termed *EVI1* (Ecotropic viral integration site 1), was first identified as a murine common locus of retroviral integration in myeloid leukemia \[[@pgen.1006259.ref024]\]. Several studies have demonstrated MECOM as a regulator in the maintenance \[[@pgen.1006259.ref025]\] and differentiation \[[@pgen.1006259.ref026]\] of mouse hematopoietic stem cells. However, the function of MECOM in human hematopoiesis is poorly understood. The inappropriate high expression of MECOM is an adverse prognostic marker in AML \[[@pgen.1006259.ref027]\]. MECOM can act as a transcriptional factor \[[@pgen.1006259.ref025]\], epigenetic regulator \[[@pgen.1006259.ref028]\], or repressor of key transcriptional factors in hematopoiesis such as PU.1 and GATA1 via protein---protein interaction \[[@pgen.1006259.ref026],[@pgen.1006259.ref029]\]. MECOM mRNA was previously identified as a miR-22 target in metastatic breast cancer cells \[[@pgen.1006259.ref030]\].

Here, we showed that *miR-22* is transcriptionally activated by PU.1 during monocyte/macrophage differentiation, and that miR-22 promotes the differentiation by targeting *MECOM* mRNA and further increasing interaction between c-Jun and PU.1. We also showed miR-22 to be a repressor miRNA in AML development and examined whether it could be a therapeutic target for AML therapy.

Results {#sec002}
=======

Significantly decreased miR-22 was detected in AML patients {#sec003}
-----------------------------------------------------------

We performed quantitative real-time PCR (qRT-PCR) to detect miR-22 expression in peripheral blood (PB) mononuclear cells (MNCs) derived from 79 primarily diagnosed AML patients ([S1 Table](#pgen.1006259.s007){ref-type="supplementary-material"}) and 114 healthy donors, as well as in bone marrow (BM) MNCs and in BM CD34^+^ hematopoietic stem cells and progenitors (HSPCs) derived from limitary healthy donors and AML patients. Significantly decreased miR-22 levels were observed in the AML patients as compared with the healthy donors for each kind of the materials ([Fig 1A](#pgen.1006259.g001){ref-type="fig"}). Receiver-operating characteristic curve analysis of miR-22 suggested that the miR-22 level in each kind of the materials could be as a reference marker with high sensitivity and specificity for AML diagnosis ([S1 Fig](#pgen.1006259.s001){ref-type="supplementary-material"}).

![miR-22 expression in AML patients and healthy controls as well as its expression and PU.1 regulation during monocyte/macrophage differentiation.\
**A**. qRT-PCR analysis of miR-22 expression in PBMNCs, BMMNCs and BM CD34^+^ HSPCs derived from healthy donors and AML patients. Each qRT-PCR assay was performed in triplicate. U6 snRNA was used as the internal control. One common sample (un-induced THP1 cells) was detected in every qRT-PCR operation to eliminate errors among different plates. The P-values of the two-tailed t-tests are shown. **B**. qRT-PCR and Northern blot analyses confirmed elevated miR-22 expression during PMA-induced monocyte/macrophage differentiation of HL60 and THP1 cells and during monocyte/macrophage differentiation of CD34^+^ HSPCs. U6 snRNA was used as the internal control. Values were reported as fold compared to miR-22 levels in untreated cells or on Day 4. Error bars represent SD (n = 3). **C**. Schematic representation of the genomic region of *miR-22* and potential PU.1 binding sites. The TSS is indicated by an open arrow. The 5'RACE primer arrow and GSP primer arrow point to the regions amplified by PCR. The positions of the core motif TTCCTC for PU.1 binding are shown. **D**. *PU*.*1* knockdown by siPU.1 transfection significantly reduced miR-22 expression in HL60 and THP1 cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control for Western blot analysis. **E**. Detection of pri-miR-22 and PU.1 mRNA in THP1 cells transduced with lentivirus-mediated *PU*.*1* knockdown (Lenti-shPU.1) or overexpression (Lenti-PU.1) or a relative control (Lenti-shCon or Lenti-Con). Error bars represent SD (n = 3). (\*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001, Student's t test). **F**. ChIP-PCR assay of PU.1 occupancy on the predicted binding sites in HL60 and THP1 cells. **G**. Relative occupancy of PU.1 on PB2 in THP1 cells with or without PMA induction for 48 hours. qRT-PCR was performed to detect the enrichment of the DNA fragments immunoprecipitated by the PU.1 antibody, and the results were analyzed by evaluating the signal of enrichment of PU.1 over that of IgG and normalized to the input DNA. A genomic region within the *CSF1R* promoter with a validated PU.1 binding site (pro-CSF1R) was amplified as a positive control, and an unrelated genomic region without PU.1 binding sites (UR) as a negative control. Error bars represent SD (n = 3). (\*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001, NS: no significance, Student's t test). **H**. Dual luciferase reporter assay demonstrated that PU.1 could activate gene expression through binding PB2. The relative luciferase activity was detected 24 hours after transfection. Error bars represent SD (n = 3). (\*\*P\<0.01, NS: no significance, Student's t test).](pgen.1006259.g001){#pgen.1006259.g001}

Increased miR-22 expression was observed during monocyte/macrophage differentiation {#sec004}
-----------------------------------------------------------------------------------

We performed qRT-PCR and Northern blot analyses to detect changes in miR-22 expression during monocyte/macrophage differentiation. The results revealed that miR-22 was gradually elevated during phorbol myristate acetate (PMA)-induced monocyte/macrophage differentiation of HL60 and THP1 cells, as well as during monocyte/macrophage induction of CD34^+^ HSPCs derived from human umbilical cord blood (UCB) ([Fig 1B](#pgen.1006259.g001){ref-type="fig"}).

PU.1 is responsible for transcriptional activation of *miR-22* {#sec005}
--------------------------------------------------------------

As miR-22 increased substantially during monocyte/macrophage differentiation, we examined if it was regulated by key transcriptional factors. We first performed rapid amplification of cDNA 5' end (5' RACE) and identified the transcriptional start site (TSS) of *miR-22* at 60 base-pair downstream of the predicted 5' end of *C17orf91* where miR-22 located ([Fig 1B](#pgen.1006259.g001){ref-type="fig"}). Two potential PU.1 binding sites PB1 and PB2 ([Fig 1C](#pgen.1006259.g001){ref-type="fig"}) were identified within the region of -2 to +0.2 kb from the TSS using the Transcription Element Search System. Moreover, *PU*.*1* inhibition by siPU1 transfection resulted in obviously reduced miR-22 expression in HL60 and THP1 cells ([Fig 1D](#pgen.1006259.g001){ref-type="fig"}). Furthermore, *PU*.*1* knockdown by Lenti-shPU.1 infection impaired *miR-22* primary transcript (Pri-miR-22) expression, while ectopic expression of PU.1 by Lenti-PU.1 infection induced Pri-miR-22 expression ([Fig 1E](#pgen.1006259.g001){ref-type="fig"}).

To examine whether PU.1 physically interacts with *miR-22* promoter in vivo, we performed chromatin immunoprecipitation (ChIP) assays in HL60 and THP1 cells. The DNA fragments immunoprecipitated by the PU.1 antibody were amplified with two pairs of PCR primers surrounding PB1 and PB2. Only the fragments containing PB2 were detected ([Fig 1F](#pgen.1006259.g001){ref-type="fig"}). Moreover, ChIP-qPCR showed that the interaction between PU.1 and *miR-22* promoter became stronger with PMA induction. The specificity of PU.1 occupancy in PB2 was demonstrated by the absence of immunoprecipitated chromatin fragments corresponding to an unrelated genomic region (UR) and the presence of immunoprecipitated chromatin fragments corresponding to a known PU.1-binding site within the *CSF1R* promoter (pro-CSF1R) \[[@pgen.1006259.ref031]\] ([Fig 1G](#pgen.1006259.g001){ref-type="fig"}). We then cloned the genomic fragment surrounding PB2 (PB2_WT) or a mutant version (PB2_Mut), into a promoterless luciferase reporter plasmid pGL3-basic. The recombinant plasmid expressing PU.1 pcDNA3.1-PU.1 (or pcDNA3.1 control), together with the luciferase reporter plasmid pGL3-PB2_WT (or pGL3-PB2_Mut), were co-transfected into 293T cells. Notably, the PB2_WT fragment yielded robust PU.1-dependent transcriptional activity, while the mutation eliminated the transcriptional activity ([Fig 1H](#pgen.1006259.g001){ref-type="fig"}).

These findings provide compelling evidence that *miR-22* is transcriptionally regulated by PU.1.

MiR-22 promotes monocyte/macrophage differentiation {#sec006}
---------------------------------------------------

To examine the effect of miR-22 on monocyte/macrophage differentiation, we firstly transfected THP1 and HL60 cells with miR-22 mimics or anti-miR-22, and then induced monocyte/macrophage differentiation. The overexpression or inhibition of *miR-22* was confirmed by qRT-PCR ([S2 Fig](#pgen.1006259.s002){ref-type="supplementary-material"}). Remarkably, the flow cytometry data revealed a higher percentage of CD14-positive cells in the miR-22 mimics-transfected cells, while a lower percentage was observed in the anti-miR-22-transfected cells ([Fig 2A](#pgen.1006259.g002){ref-type="fig"}). qRT-PCR analysis also demonstrated that the ectopic expression of miR-22 increased while the inhibition of miR-22 expression impaired CD14 and CSF1R mRNA levels in the cells ([Fig 2B](#pgen.1006259.g002){ref-type="fig"}). In addition, May-Grünwald Giemsa staining demonstrated that the overpresence of miR-22 promoted monocyte/macrophage cell development in the PMA-induced cells ([Fig 2C](#pgen.1006259.g002){ref-type="fig"}).

![miR-22 promotes PMA-induced monocyte/macrophage differentiation of THP1 and HL60 cells.\
**A**. The percentage of CD14-positive cells in the transfected cells was analyzed by flow cytometry. The cells were transfected with miR-22 mimics, miR-22 inhibitors, or negative control (Scr or Anti-Con). Twenty-four hours post-transfection, the cells were treated with PMA for another 48 hours. A representative experiment is presented on the left and a statistical analysis of three independent experiments is displayed on the right. The black-line curve represents the unstained cells. Error bars represent SD (n = 3). (\*\*P\<0.01, Student's t-test). **B**. The relative expression of CD14 and CSF1R was measured by qRT-PCR in the transfected cells before and after PMA treatment for 48 hours. Error bars represent SD (n = 3). (\*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001, Student's t-test). **C**. May--Grünwald Giemsa staining indicated that ectopic expression of miR-22 promoted maturation of monocytes/macrophages in THP1 and HL-60 cells. The cells were observed under 400 X magnification. The arrows point to differentiated monocytes/macrophages. A statistical analysis of differentiated monocytes/macrophages in five fields is presented in the right. Error bars represent SD. (\*P\<0.05, \*\*P\<0.01, Student's t-test).](pgen.1006259.g002){#pgen.1006259.g002}

Next, we infected HSPCs with a recombinant lentivirus harbouring a miR-22 precursor (Lenti-miR-22) or expressing hairpins that exhibited anti-miR-22 activity (Lenti-ZIP-miR-22) and a relative control (Lenti-Con or Lenti-ZIP-Con), and induced monocyte/macrophage differentiation. As shown in [Fig 3A](#pgen.1006259.g003){ref-type="fig"}, miR-22 overexpression increased while miR-22 knockdown decreased CD14 mRNA levels. Flow cytometry analysis revealed that miR-22 overexpression increased ([Fig 3B](#pgen.1006259.g003){ref-type="fig"}, left) while knockdown of miR-22 decreased the percentage of CD14-positive cells ([Fig 3B](#pgen.1006259.g003){ref-type="fig"}, right). Furthermore, Lenti-miR-22 infection significantly promoted the colony-forming activity of CFU-M and CFU-GM, both in clone size and number ([Fig 3C](#pgen.1006259.g003){ref-type="fig"}). May-Grünwald Giemsa staining confirmed that Lenti-miR-22 infection led to higher percentage of more mature monocyte/macrophage cells ([Fig 3D](#pgen.1006259.g003){ref-type="fig"}).

![miR-22 promotes monocyte/macrophage differentiation of CD34^+^ HSPCs.\
Two sets of the experiments on CD34^+^ HSPCs were performed. For each, CD34^+^ cells were purified from human UCB derived from three or four healthy donors. The CD34^+^ HSPCs were infected with Lenti-miR-22 or Lenti-ZIP-miR-22 or a relative control. After infection for 24 hours, the cells were cultured in a monocyte/macrophage induction medium. **A**. The overexpression and inhibition of miR-22 increased and decreased expression of the monocyte/macrophage differentiation marker CD14 respectively. To detect miR-22 and CD14 mRNA levels, qRT-PCR was performed at the indicated induction time. Error bars represent SD (n = 2). (\*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001, Student's t-test). **B**. Flow cytometry analysis was performed to examine the percentage of CD14-positive cells in the infected cells. A representative experiment is presented in the upper columns, and a statistical analysis is shown in the lower columns. The black-line curve represents the unstained cells. Error bars represent SD (n = 2). (\*P\<0.05, \*\*P\<0.01, Student's t test). **C**. Colony-forming assays. After infection of the CD34^+^ HSPCs with Lenti-miR-22 or Lenti-Con, the cells were exposed to a complete methylcellulose medium without EPO. Colonies were observed at Day 12 under 400 X magnification (left), and the number of CFU-M and CFU-GM colonies were counted (right). A representative experiment is presented (n = 2). **D**. May--Grünwald Giemsa staining and the determination of percentages of cells at various differentiation stages. In total, 100 cells were counted for each sample. A representative experiment is presented (n = 2).](pgen.1006259.g003){#pgen.1006259.g003}

Altogether, these data indicated that miR-22 is a positive regulator in monocyte/macrophage differentiation.

MiR-22 modulates monocyte/macrophage differentiation by targeting *MECOM* mRNA in THP1 and HL60 cells {#sec007}
-----------------------------------------------------------------------------------------------------

To identify miR-22 targets contributing to the phenotypes observed, we looked over the potential targets predicated by TargetScan and noticed MECOM, a transcription factor and oncoprotein, which was documented to be involved in hematopoietic stem cell function \[[@pgen.1006259.ref032]\] and blood generation \[[@pgen.1006259.ref033]\] ([Fig 4A](#pgen.1006259.g004){ref-type="fig"}). To determine whether *MECOM* is directly regulated by miR-22, the 3'UTR of *MECOM* was inserted downstream of the luciferase ORF of pMIR-REPORT. Significant repression of luciferase activity caused by miR-22 transfection was observed and the repression effect was abrogated by mutagenesis of the core miR-22 binding site in the 3'UTR of *MECOM* ([Fig 4B](#pgen.1006259.g004){ref-type="fig"}). Furthermore, enforced miR-22 expression reduced the MECOM protein level, while inhibition of miR-22 expression elevated the MECOM protein level in THP1 and HL60 cells ([Fig 4C](#pgen.1006259.g004){ref-type="fig"}). These data demonstrated that *MECOM* is a target of miR-22 in the AML cell lines.

![miR-22 directly targets *MECOM* mRNA to regulate monocyte/macrophage differentiation.\
**A**. The predicted miR-22 binding site in the 3'UTR of *MECOM* mRNA. MECOM_Mut represents the mutant 3'UTR of *MECOM*. The mutated sequence is underlined. **B**. Relative luciferase activity of the indicated reporter constructs demonstrated that miR-22 bound to the 3'UTR of *MECOM* and repressed its expression. WT or Mut represent recombinant pMIR-REPORT plasmids containing the wild 3'UTR or the mutant 3'UTR of *MECOM*. Error bars represent SD (n = 3). (\*\*P\<0.01, Student's t-test). **C**. Ectopic expression of miR-22 decreased while inhibition of miR-22 increased endogenous MECOM levels in HL-60 and THP1 cells. **D**. Flow cytometry analysis demonstrated that *MECOM* knockdown increased the percentage of CD14-positive cells. The black-line curve represents the unstained cells. Western blotting confirmed *MECOM* knockdown in the THP1 cells infected with Lenti-shMECOM (left). A representative experiment is presented in the middle columns and a statistical analysis is presented on the right. Error bars represent SD (n = 3). (\*\*P\<0.01, Student's t-test). **E**. The *MECOM* knockdown promoted CD11b, CD14, and CSF1R mRNA expression. Error bars represent SD (n = 3). (\*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001, Student's t test). **F**. May-Grünwald Giemsa staining showed that *MECOM* knockdown promoted the maturation of monocytes/macrophages. The cells were observed under 400 X magnification. The arrows pointed differentiated monocytes/macrophages. A statistical analysis for counting differentiated monocyte/macrophages in five fields is presented in the right. (\*\*P\<0.01, Student's t test). **G**. Rescue assays. THP1 cells were transfected with anti-Con or anti-miR-22 for 24 hours, re-transfected with siCon or siMECOM for another 24 h, and then the differentiation was induced by PMA for 48 hours and harvested. A representative immunoblotting of MECOM is shown on the left, a representative flow cytometry assay using the CD14 antibody is displayed in the middle, and a statistic analysis is presented in the right. Error bars represent SD (n = 3). (\*P\<0.05, \*\*P\<0.01, ns: no significance, Student's t test).](pgen.1006259.g004){#pgen.1006259.g004}

We then examined the function of MECOM in monocyte/macrophage differentiation of THP1 cells. *MECOM* knockdown by Lenti-shMECOM infection in THP1 cells significantly increased the percentage of CD14-positive cells ([Fig 4D](#pgen.1006259.g004){ref-type="fig"}), and also mRNA levels of the differentiation markers CD11b, CD14 and CSF1R ([Fig 4E](#pgen.1006259.g004){ref-type="fig"}). In addition, May-Grünwald Giemsa staining showed that *MECOM* knockdown promoted monocyte/macrophage development ([Fig 4F](#pgen.1006259.g004){ref-type="fig"}).

To confirm whether the miR-22 regulation of monocyte/macrophage differentiation occurred via its regulation on *MECOM*, we performed rescue assays. As shown in [Fig 4G](#pgen.1006259.g004){ref-type="fig"}, the increase in MECOM expression (left) was accompanied by decreased CD14-positive cells (middle and right) after anti-miR-22 transfection (b vs. a). As expected, retransfection with siMECOM reduced the increase of MECOM expression resulting from anti-miR-22 treatment (left, c vs. b), which was accompanied with restoration of the percentage of CD14-positive cells (middle and right, c vs. b).

Collectively, these results demonstrated that the enhancement of monocyte/macrophage differentiation induced by miR-22 occurred at least partially via its negative regulation on *MECOM*.

The miR-22-mediated *MECOM* down-regulation increases c-Jun expression and enhances the interaction of PU.1 and c-Jun {#sec008}
---------------------------------------------------------------------------------------------------------------------

MECOM was reported to impair myeloid differentiation via blocking the association of PU.1 with c-Jun \[[@pgen.1006259.ref026]\], a critical coactivator of PU.1 transactivation. A recent report demonstrated antagonism between PU.1 and GATA2 in the transcriptional regulation of some genes \[[@pgen.1006259.ref034]\]. GATA2 was also reported to inhibit the binding of PU.1 to c-Jun \[[@pgen.1006259.ref035]\]. Interestingly, MECOM was reported to directly target the *GATA2* promoter to promote its transcription \[[@pgen.1006259.ref025]\]. In addition, MECOM can interfere with interaction between JNK (c-Jun N-terminal kinases) and c-Jun, thus reducing the level of phosphorylated c-Jun (p-c-Jun) \[[@pgen.1006259.ref036]\], which is capable of inducing c-Jun expression via the formation of the heterodimer AP-1 with c-Fos \[[@pgen.1006259.ref037]\]. Based on this evidence, we examined whether miR-22 affects the interaction between c-Jun and PU.1 through regulating MECOM in HL60 and THP1 cells. As shown in [Fig 5A](#pgen.1006259.g005){ref-type="fig"}, the levels of MECOM and GATA2 decreased, whereas the levels of p-c-Jun, c-Jun and PU.1 increased following the PMA-induced monocyte/macrophage differentiation of THP1 and HL60 cells. We assessed the effects of miR-22 on the expression of these factors. In THP1 cells, ectopic expression of miR-22 reduced MECOM and GATA2 levels and increased p-c-Jun and c-Jun levels; but it barely affected PU.1 expression. In contrast, anti-miR-22 transfection led to an increase of MECOM and GATA2 levels, and a concomitant reduction of p-c-Jun and c-Jun levels, but little change was observed in PU.1 expression ([Fig 5B](#pgen.1006259.g005){ref-type="fig"}). Similar results were obtained from the transfected HL-60 cells ([S3 Fig](#pgen.1006259.s003){ref-type="supplementary-material"}). Furthermore, *MECOM* knockdown by Lenti-shMECOM infection showed similar results as miR-22 overexpression ([Fig 5C](#pgen.1006259.g005){ref-type="fig"}) in THP1 cells. We next performed co-immunoprecipitation analysis on the infected THP1 cells. As shown in [Fig 5D](#pgen.1006259.g005){ref-type="fig"}, miR-22 overexpression increased c-Jun levels but barely affected PU.1 expression (lane 1 and 2). Normal mouse IgG was not able to immunoprecipitate PU.1 and c-Jun (lane 3 and 4). However, anti-PU.1 antibody immunoprecipitated more endogenous c-Jun in the cells infected with Lenti-miR-22 than those infected with Lenti-Con (IP-PU.1, up, lane 5 and 6), while the immunoprecipitated endogenous PU.1 level was almost the same in the two groups (IP-PU.1, down, lane 5 and 6). Moreover, the anti-c-Jun antibody immunoprecipitated more endogenous c-Jun and PU.1 in the cells infected with Lenti-miR-22 than in the Lenti-Con-infected cells (IP-c-Jun, lane 5 and 6). These results demonstrate that miR-22 increases interaction between PU.1 and c-Jun.

![Downregulation of MECOM by miR-22 elevates c-Jun levels and promotes the interaction between PU.1 and c-Jun.\
**A**. Immunoblotting analyses of MECOM, GATA2, p-c-Jun, c-Jun, and PU.1 levels during PMA-induced monocyte/macrophage differentiation of THP1 and HL60 cells (representative; n = 2). **B**. Immunoblotting analysis of the proteins in the THP1 cells transfected with miR-22 mimics or Anti-miR-22 or their controls (representative; n = 2). "-" represents without PMA treatment; "+" represents PMA induction for 48 hours. GAPDH was used as a loading control. Densitometric values normalized on the basis of GAPDH expression were indicated below the corresponding lanes, and shown as fold relative to that in the cells transfected with the control and without PMA treatment. **C**. Immunoblotting analysis of the proteins in the Lenti-shMECOM- or Lenti-shCon-infected THP1 cells (representative; n = 2). **D**. Co-IP assay for testing the interaction between PU.1 and c-Jun (representative; n = 2). THP1 cells were infected with Lenti-miR-22 or Lenti-Con and subjected to PMA induction for 48 hours. Total cell lysates were prepared and immunoprecipitated with mouse IgG or anti-PU.1 (IP-PU.1) or anti-c-Jun (IP-c-Jun). Levels of c-Jun and PU.1 were detected using rabbit anti-c-Jun and rabbit anti-PU.1 antibodies respectively.](pgen.1006259.g005){#pgen.1006259.g005}

Verification that miR-22 regulates the differentiation via *MECOM* in human HSPCs {#sec009}
---------------------------------------------------------------------------------

To further determine if the mechanism by which miR-22 regulates monocyte/macrophage differentiation revealed in THP1 and HL-60 cells also exists in normal hematopoiesis, we analyzed the expression of miR-22 and its target protein MECOM. A gradual increase in miR-22 levels whereas a decrease in *MECOM* mRNA and protein levels were detected during the monocyte/macrophage induction culture of CD34^+^ HSPCs derived from human HCB ([Fig 6A](#pgen.1006259.g006){ref-type="fig"}). Western blotting revealed a decrease in MECOM and GATA2, and an increase in c-Jun levels in the induction culture of the Lenti-miR-22-infected HSPCs ([Fig 6B](#pgen.1006259.g006){ref-type="fig"}, left). Conversely, Lenti-ZIP-miR-22 infection caused increased MECOM and GATA2 levels and decreased c-Jun levels ([Fig 6B](#pgen.1006259.g006){ref-type="fig"}, right). We also examined the effect of MECOM on monocyte/macrophage differentiation of HSPCs. Flow cytometry demonstrated that knockdown of *MECOM* by Lenti-shMECOM in the HSPCs increased percentages of CD14-positive cells ([Fig 6C](#pgen.1006259.g006){ref-type="fig"}). Western blot analysis revealed a reduced GATA2 levels but increased c-Jun levels ([Fig 6D](#pgen.1006259.g006){ref-type="fig"}) in the induction culture of the Lenti-shMECOM-infected HSPCs. These results confirmed that the mechanism by which miR-22 promotes monocyte/macrophage differentiation of HSPCs is identical to that in the cell lines.

![Verification that miR-22 regulates the differentiation of human HSPCs via *MECOM*, as well as association analyses between miR-22 and MECOM and between PU.1 and miR-22 expression in AML patients.\
The collection of HCB CD34^+^ HSPCs, as well as their infection with Lenti-miR-22 or Lenti-ZIP-miR-22 or a relative control, monocyte/macrophage induction culture, and differentiation assays have been described in the legend of [Fig 3](#pgen.1006259.g003){ref-type="fig"}. **A**. Analysis of miR-22 and *MECOM* mRNA via qRT-PCR as well as Western blot analysis of MECOM protein levels in the monocyte/macrophage induction culture of HCB CD34^+^ HSPCs (representative; n = 2). **B**. Western blot analyses of MECOM, GATA2 and c-Jun expression in the induction culture of CD34^+^ HSPCs infected with Lenti-miR-22, Lenti-ZIP-miR-22 or a relative control. A representative experiment is presented (n = 2). **C**. The *MECOM* knockdown promoted monocyte/macrophage differentiation of CD34^+^ HSPCs. The CD34^+^ HSPCs were infected with a recombinant lentivirus expressing shRNAs targeting MECOM mRNA (Lenti-shMECOM) or Lenti-shCon, cultured in a monocyte/macrophage induction medium and harvested on the indicated days. Flow cytometry assays demonstrated an increased percentage of CD14-positive cells in the Lenti-shMECOM infection group. A representative experiment is presented on the left, and a statistical analysis for the two experiments is presented in the right (Error bars represent SD). The black-line curve represents the unstained cells. **D**. Immunoblotting of MECOM, GATA2 and c-Jun levels in the above cells (representative; n = 2). **E**. *MECOM* mRNA analysis via qRT-PCR and correlation analysis with the miR-22 levels in the PBMNCs from AML patients and normal donors. *MECOM* mRNA was detected by Taqman qRT-PCR. **F**. qRT-PCR of *PU*.*1* mRNA and correlation analysis with miR-22 levels in the PBMNCs from AML patients and normal donors. The Pearson correlation coefficient r was calculated and verified by the two-tailed significance test.](pgen.1006259.g006){#pgen.1006259.g006}

A negative association between miR-22 and MECOM expression and a positive association between PU.1 and miR-22 expression were detected in AML patients {#sec010}
------------------------------------------------------------------------------------------------------------------------------------------------------

We performed Taqman real-time PCR to detect *MECOM* mRNA expression \[[@pgen.1006259.ref040]\] in PBMNCs derived from 40 AML patients and 43 healthy donors. Significantly higher *MECOM* mRNA levels were detected in the AML patients compared to the healthy donors ([Fig 6E](#pgen.1006259.g006){ref-type="fig"}, left), while miR-22 levels were much lower in the same AML samples compared to the healthy donors ([Fig 6E](#pgen.1006259.g006){ref-type="fig"}, middle). Moreover, miR-22 expression was conversely associated with *MECOM* mRNA expression in the tested projects ([Fig 6E](#pgen.1006259.g006){ref-type="fig"}, right).

As PU.1 has been proved to regulate miR-22 expression, we questioned whether the down-regulation of miR-22 was related to PU.1 expression in AML. We examined their expression in PBMNCs derived from 42 AML patients and 39 healthy donors and found decreased PU.1 levels in AML patients ([Fig 6F](#pgen.1006259.g006){ref-type="fig"}, left). Moreover, the PU.1 levels were positively associated with miR-22 levels in the tested projects ([Fig 6F](#pgen.1006259.g006){ref-type="fig"}, right).

Collectively, these results at least partially confirm PU.1-miR-22-MECOM regulation in AML development.

Reintroduction of miR-22 improved monocyte/macrophage differentiation of BM CD34^+^ HSPCs from AML patients {#sec011}
-----------------------------------------------------------------------------------------------------------

Since a remarkable decrease of miR-22 was observed in AML patients, and since myeloid differentiation blockage is one of the key characterizations in AML, we examined whether reintroduction of miR-22 could relieve the differentiation blockage. The BM CD34^+^ HSPC samples derived from seven AML patients were infected with Lenti-miR-22 or Lenti-Con and subjected to monocyte/macrophage induction. Flow cytometry demonstrated that Lenti-miR-22 infection significantly improved the differentiation of HSPCs from all seven patients ([Fig 7A](#pgen.1006259.g007){ref-type="fig"} and [S4A Fig](#pgen.1006259.s004){ref-type="supplementary-material"}). May-Grünwald Giemsa staining also showed that Lenti-miR-22 infection improved monocyte/macrophage development of the AML HSPCs ([Fig 7B](#pgen.1006259.g007){ref-type="fig"} and [S4B Fig](#pgen.1006259.s004){ref-type="supplementary-material"}). Analysis with qRT-PCR confirmed miR-22 overpresence in the Lenti-miR-22-infected cells ([Fig 7C](#pgen.1006259.g007){ref-type="fig"} and [S4C Fig](#pgen.1006259.s004){ref-type="supplementary-material"}). Western blot analysis displayed significantly decreased MECOM and GATA2 levels and increased c-Jun levels in the induction cultures of Lenti-miR-22-infected-AML HSPCs as compared with the control infection samples ([Fig 7D](#pgen.1006259.g007){ref-type="fig"}). These results demonstrated that the reintroduction of miR-22 could partially relieve differentiation blockage in AML BM blasts.

![Reintroduction of miR-22 relieved monocyte/macrophage differentiation blockage and inhibited the growth of AML BM blasts.\
**A**. Flow cytometry analysis of CD14-positive cells in the monocyte/macrophage induction cultures of AML BM CD34^+^ HSPCs infected with Lenti-Con or Lenti-miR-22. The results from Day 9 are shown. The red-line curve represents the unstained cells. A statistical analysis of the seven samples is shown on the right. Error bars represent SD. **B**. Morphological analyses of the cells collected at Day 9. The cells were observed under 400 X magnification. A statistical analysis for counting differentiated monocytes/macrophages on five fields is presented on the right. **C**. qRT-PCR analysis of miR-22 confirmed the overpresence of miR-22 in the Lenti-miR-22-infected cells compared to the Lenti-Con-infected cells. **D**. Western blot analysis of MECOM, GATA2 and c-Jun levels in the cells collected on Day 6. **E**. Reinduction of miR-22 inhibited cell growth during the monocyte/macrophage induction culture of AML BM CD34^+^ HSPCs. BM CD34^+^ HSPCs obtained from patient \#73, \#83, \#84 and \#87 were infected with Lenti-miR-22 or Lenti-Con, cultured in an induction medium (including IL3, IL6, SCF, GM-CSF and FLT3) and harvested at the indicated time for CCK-8 detection.](pgen.1006259.g007){#pgen.1006259.g007}

Reintroduction of miR-22 inhibited cell growth during the monocyte/macrophage induction culture of AML BM CD34^+^ HSPCs {#sec012}
-----------------------------------------------------------------------------------------------------------------------

We also examined the effects of miR-22 on the growth of HL60 and THP1 cells, and found that miR-22 significantly inhibited cell growth ([S5 Fig](#pgen.1006259.s005){ref-type="supplementary-material"}). Following this observation, we further demonstrated that lentivirus-mediated miR-22 reintroduction inhibited cell growth during the monocyte/macrophage induction culture of AML BM CD34^+^ HSPCs ([Fig 7E](#pgen.1006259.g007){ref-type="fig"}).

Discussion {#sec013}
==========

PU.1 has been shown to play a decisive role in lympho-myeloid development and its stage-specific expression is critical to prevent leukemic transformation \[[@pgen.1006259.ref039],[@pgen.1006259.ref040]\]. Other studies have revealed that monocyte/macrophage development from hematopoietic stem cells requires PU.1-coordinated miRNA expression \[[@pgen.1006259.ref041],[@pgen.1006259.ref042]\]. It was also reported that *miR-22* was transcriptionally regulated by P53 and c-Myc \[[@pgen.1006259.ref043]--[@pgen.1006259.ref045]\]. However, the TSS of *miR-22* has not been confirmed. In this paper, we identified the TSS and showed that PU.1 activates *miR-22* transcription by directly binding to the *miR-22* promoter.

MiR-22 has been reported to play an important role in several physiologic processes and cancers, and several target genes of miR-22 have been identified in different cell types \[[@pgen.1006259.ref016]--[@pgen.1006259.ref023],[@pgen.1006259.ref030],[@pgen.1006259.ref046],[@pgen.1006259.ref050],[@pgen.1006259.ref051]\]. Here, we demonstrated that miR-22 is a positive regulator and MECOM a negative regulator in monocyte/macrophage development. We also showed that miR-22 promotes the differentiation via targeting and downregulating *MECOM* mRNA, at least partially.

MECOM was reported to impair the function of PU.1 by competing with c-Jun, a critical coactivator of PU.1 \[[@pgen.1006259.ref047]\] Similarly, *GATA2*, which can be transcriptionally activated by MECOM \[[@pgen.1006259.ref027]\], is able to interfere with the interaction between c-Jun and PU.1 \[[@pgen.1006259.ref037]\]. In addition, other studies have revealed that MECOM blocks JNK-dependent phosphorylation of c-Jun \[[@pgen.1006259.ref038]\], thus reducing p-c-Jun levels, which can form heterogeneous or homogeneous AP-1 to activate *c-Jun* transcription \[[@pgen.1006259.ref039]\]. In this study, we found that a decrease in miR-22-mediated MECOM resulted in increased c-Jun-PU.1 protein complexes via increasing c-Jun levels and by relieving MECOM- and GATA2-mediated interference in the interaction between c-Jun and PU.1, which promotes monocyte/macrophage differentiation.

In the present study, we also detected abnormally decreased expression of miR-22 in *de novo* AML patients, suggesting that it acts as a tumor suppressor in AML development. Additionally, we detected a negative association between MECOM mRNA and miR-22 expression and a positive association between miR-22 and PU.1 expression in AML patients, which suggests that PU.1-miR-22-MECOM regulation is involved in AML development.

According to the above results, we summarized molecular models underlying miR-22's involvement in monocyte/macrophage differentiation regulation ([Fig 8A](#pgen.1006259.g008){ref-type="fig"}) and AML development ([Fig 8B](#pgen.1006259.g008){ref-type="fig"}).

![The molecular models of miR-22's involvement in monocyte/macrophage differentiation regulation and AML development.\
**A**. During normal monocytic/macrophagic differentiation, the increase of PU.1 expression resulted in up-regulation of miR-22 levels and consequent down-regulation of MECOM expression. The decrease of MECOM prevented its inhibition of the phosphorylation of c-Jun. The increased p-c-Jun then promoted c-Jun expression and thus reinforced the cooperation between c-Jun and PU.1, which plays an important role in the differentiation. The decrease of MECOM and the consequent reduction of GATA-2 also contributed to the cooperation between c-Jun and PU.1 by releasing their inhibition on the cooperation. **B**. Abnormal decrease of PU.1 expression resulted in a decrease of miR-22 levels and consequent increase of MECOM levels. The abnormally increased MECOM reduced interaction between c-Jun and PU.1 by decreasing c-Jun levels and increasing MECOM- and GATA2-mediated interference in the interaction, which led to the differentiation blockage and development of leukemia.](pgen.1006259.g008){#pgen.1006259.g008}

Until now, there have been two published leukemia/miR-22-related reports with opposite conclusions. Song et al. reported that miR-22 is an oncogenic miRNA and is abnormally upregulated in myelodysplastic syndrome (MDS) and MDS---derived leukemia \[[@pgen.1006259.ref050]\]; they also showed that miR-22 transgenic mice developed MDS and hematological malignancies \[[@pgen.1006259.ref050]\]. Jiang et al. reported that miR-22 plays an anti-tumor role and is abnormally downregulated in *de novo* AML \[[@pgen.1006259.ref051]\], which is consistent with our results. Mechanistically, Song et al. reported that miR-22 regulated methylation status via targeting TET2 mRNA \[[@pgen.1006259.ref050]\], while Jiang et al. reported that TET1 could repress *miR-22* transcription, and that miR-22 targets multiple oncogenes, including *CRTC1*, *FLT3* and *MYCBP*, and thus repressing the CREB and MYC pathways \[[@pgen.1006259.ref051]\]. Our present paper demonstrates that *miR-22* is transcriptionally activated by PU.1, and can enhance PU.1--c-Jun interaction by targeting *MECOM* and thus affecting GATA2 and c-Jun levels. These findings illustrate how miR-22 and the transcription factors MECOM, GATA2, c-Jun, and PU.1 are orchestrated in normal monocyte/macrophage differentiation regulation and AML development.

Using oncogenes-transformed mouse models, Jiang et al. demonstrated miR-22's therapeutic potential in AML. Using BM CD34^+^ cells obtained from AML patients, our present paper shows that the reintroduction of miR-22 could relieve the differentiation blockage and inhibit the growth of AML BM blasts, which also suggests its potential in AML therapy.

High *MECOM* expression defines a subgroup of AML with a poor prognosis \[[@pgen.1006259.ref038],[@pgen.1006259.ref048],[@pgen.1006259.ref049]\]. We found that the reintroduction of miR-22 significantly improved monocyte/macrophage differentiation in the patients with either high or low MECOM expression. Interestingly, it seems that Lenti-miR-22 infection improved differentiation better in MECOM^high^ patients than in MECOM^low^ patients (18.63 ± 5.41% vs. 9.13 ± 2.39%, p = 0.002, see [S6 Fig](#pgen.1006259.s006){ref-type="supplementary-material"}); however this finding needs further demonstration.

In conclusion, our data revealed new function and mechanism of miR-22 in human monocyte/macrophage differentiation and AML development, and demonstrated its potential value in AML diagnosis and therapy.

Materials and Methods {#sec014}
=====================

Human samples {#sec015}
-------------

Human UCB was obtained from normal, full-term deliveries from Beijing Hospital. The PB and BM samples of AML patients and normal volunteers were obtained from the 303 hospital and the 307 Hospital according to the protocols approved by the Ethics Committees of the Institutional review Board of Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. The informed consent was obtained from all of the examined subjects.

Cell culture and differentiation induction {#sec016}
------------------------------------------

The human promyelocytic cell line HL60 was maintained in IMDM (Gibco-BRL, Paisley, UK) containing 2 mM glutamine, 25 mM HEPES, 1.5g/L sodium bicarbonate, 50 U/mL penicillin and 50 μg/mL streptomycin (Sigma, St. Louis, MO, USA), supplemented with 10% FCS (PAA, Pashing, Austria), at 37°C in 5% CO~2~. Acute monocytic leukemia cell line THP-1 was maintained in RPMI-1640 medium (Gibco-BRL) containing 2 mM glutamine, 25 mM HEPES, 1.5 g/L sodium bicarbonate, 50 U/mL penicillin, and 50 μg/mL streptomycin (Sigma), supplemented with 10% fetal bovine serum (FBS), at 37°C in 5% CO~2~. Lentivirus packaging cell line 293TN was cultured in DMEM medium (Gibco-BRL), supplemented with 10% FBS. For monocytic/macrophagic induction, PMA (Sigma) was added to a final concentration of 16 nM.

RNA isolation, reverse transcription, and qRT-PCR {#sec017}
-------------------------------------------------

Total RNA was isolated from the cell harvest using Trizol (Invitrogen, CA, USA) according to the manufacturer's instructions. One μg of total RNA was used to generate cDNA by M-MLV reverse transcriptase (Invitrogen). Stem-poop RT primers were used for the reverse transcription of miRNAs, and Oligo(dT)18 was used for the reverse transcription of mRNAs. qRT-PCR was carried out in the Bio-Rad IQ5 real-time PCR system (Bio-rad, CA, USA) or in the ABI PRISM 7900HT Sequence Detection System (Applied Biosystem, CA, USA) according to the manufacturer's instructions. Each qRT-PCR assay was performed in triplicate. The data were normalized using the endogenous GAPDH mRNA or U6 snRNA. The primers for reverse transcription of miRNAs and qRT-PCR as well as the Taqman probes are described in [S2 Table](#pgen.1006259.s008){ref-type="supplementary-material"}.

Isolation and induction culture of CD34^+^ HSPCs {#sec018}
------------------------------------------------

Human CD34^+^ cells that contain HSPCs were collected using a human CD34 MicroBead Kit (Miltenyi Biotec, Cologne, Germany) from MNCs isolated from UCB, PB or BM by percoll density gradient (*d* = 1.077) (Amersham Biotech, Little Chalfont, UK). The CD34^+^ cells were cultured in IMDM (Gibco-BRL, Paisley, UK) with 30% FBS, 1% bovine serum albumin, 2 mM L-glutamine, 0.05 mM 2-mercaptoethanol, 50 U/ml penicillin, 50 μg/ml streptomycin, 50 ng/ml stem cell factor and 20 ng/ml IL-3. To induce monocyte/macrophage differentiation, a cytokine cocktail of 50 ng/ml M-SCF, 1 ng/ml IL-6 and 100 ng/ml Flt-3 L was used. All of these cytokines were purchased from Peprotech (Rocky Hill, NJ, USA).

5'RACE of primary miR-22 transcript {#sec019}
-----------------------------------

The total RNA isolated from THP1 cells treated with PMA for 72 hours was used and RACE was performed using a 5'-Full RACE kit with TAP (Takara, Dalian, China). Primer sequences are listed in [S2 Table](#pgen.1006259.s008){ref-type="supplementary-material"}.

Northern blot {#sec020}
-------------

Twenty μg of denatured total RNA was loaded onto a 15% polyacrylamide TBE gel and separated in a 1 X TBE running buffer, followed by transfer onto a N^+^ membrane (Amersham, London, UK) at 200 mA for two hours in an electro-transferring system and crosslinking under ultraviolet radiation for 150 seconds. The miRNA-specific oligo was 5' end labelled with γ-^32^P-ATP through T4 polynucleotide kinase (Takara), according to the manufacturer's protocol. The oligo probes were designed based on individual miRNA sequence information deposited in miRBase (<http://microrna.sanger.ac.uk>). An antisense oligo of U6 snRNA was used to detect U6 snRNA from each sample as a loading control. After prehybridisation using hybridizing buffer (BioDev, BJ, China), blots were hybridized with ^32^P-labelled DNA probes (2 μmol/ml) overnight at 37°C. After washing, the hybridized membranes were exposed to Kodak X-omat BT film.

Oligonucleotides and cell transfection {#sec021}
--------------------------------------

miR-22 mimics, anti-miR-22 (miR-22 inhibitor), small interference RNAs (siPU.1) and negative controls (scramble control, inhibitor control and siRNA control) were purchased from Dharmacon (IL, USA). Small interference RNAs (siMECOM) were purchased from Origene (MD, USA). These oligonucleotides were transfected into HL-60 and THP1 cells using a DharmaFECT1 reagent (Dharmacon) at a final concentration of 100 nM.

Western blotting {#sec022}
----------------

Total proteins were extracted from cells or tissues using a RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) supplemented with 1 mM PMSF, 5 μg/ml aprotinin and 5 μg/ml leupeptin. The protein concentration was determined with a BCA Protein Assay Kit (Vigorous, China). The total protein (15--30 μg) was loaded onto a 10% SDS-PAGE gel, probed with mouse or rabbit mAb against MECOM (Epitomics, MA, USA), GATA2 (Proteintech, IL, USA), p-c-Jun (Bioworld Technology, St. Louis, USA), c-Jun (Bioworld Technology), PU.1 (Cell Signaling Technology) and GAPDH (Proteintech) followed by horseradish peroxidase-conjugated sheep anti-mouse or rabbit Ig (ZSGB-BIO). GAPDH was detected as a loading control.

Flow cytometry {#sec023}
--------------

The harvested cells were washed twice with PBS, resuspended in 100 μl cold PBS and stained with PE- or APC-conjugated anti-CD14 (eBioscience, San Diego, CA, USA) for 30 minutes at 4°C in the dark. Finally, Stained cells were washed using cold PBS and analyzed on an Accuri C6 flow cytometer (Becton Dickinson Biosciences, San Jose, CA, USA). Usually, in an identical experiment group, the fluorescence gate was set based on untreated cells which endured neither DNA delivery treatment nor induction, and at the place where the percentage of differentiated cells in untreated cells was less than 1% and fixed. The unstained cells, which endured the same treatment except for antibody staining, were used for controls to exclude the effect of the background fluorescence of the cells caused by treatment.

Cell growth assay {#sec024}
-----------------

Cells were re-seeded into 96-well plates at a density of 10000 cells per well after transfection or infection for 12 hours. Cell viability was measured every 24 hours for HL60 and THP1 cells or every three days for AML BM CD34^+^ cells by adding 10% CCK-8 (DOJINDO, Japan) and then incubating at 37°C for three hours. The optical density was read at 450 nm with a microplate spectrophotometer. Each experiment was carried out three times.

Dual luciferase reporter assay {#sec025}
------------------------------

The 3′UTR of MECOM containing the predicted binding site of miR-22 was amplified from human cDNA by PCR using the primers described in [S2 Table](#pgen.1006259.s008){ref-type="supplementary-material"}, and then inserted into the pMIR-REPORT luciferase reporter vector (MECOM_WT). MECOM_Mut contained the sequences with mutations in the binding site. Fragments containing wild-type PB2 (TTCCTC) were amplified from genomic DNA by PCR using the primers described in [S2 Table](#pgen.1006259.s008){ref-type="supplementary-material"} and then cloned into pGL3-basic to get pGL3-PB2_WT, while those containing mutant PB2 (CATGAG) were also cloned into pGL3-basic to get pGL3-PB2_Mut. The recombinant construct (pGL3-PB2_WT or pGL3-PB2_Mut), pRL-TK and miR-22 mimic or pcDNA3.1-PU.1 and related controls were co-transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen, CA, USA). The plasmid pRL-TK containing Renilla luciferase was used as an internal control. The cells were harvested after transfection for 48 hours and the luciferase activity was measured using a Dual Luciferase Assay System (Promega, WI, USA) according to the manufacturer's instructions. Data were obtained by normalization of firefly luciferase activity to renilla luciferase activity. All transfection assays were performed three times.

Colony-forming assay {#sec026}
--------------------

CD34^+^ HSPCs infected with Lenti-miR-22 or Lenti-Con were cultured in a 6-well plate with human methylcellulose medium without EPO (R&D, SystemsGmbH, MN, USA) according to the manufacturer's instructions. After 12 days of incubation at 37°C in a 5% CO~2~ incubator, colony-forming unit granulocyte/macrophages (CFU-GM) and colony-forming unit-macrophages (CFU-M) were analyzed and quantified using Eclipse TS100 phase-contrast microscopy (Nikon, Tokyo, Japan).

May-Grünwald Giemsa staining {#sec027}
----------------------------

The HL60, THP1 or CD34^+^ HSPCs induced monocyte/macrophage differentiation were harvested at the indicated time and stained with May-Grünwald for 5 min and Giemsa for 30 minutes. Then, the cell smears were washed with water, air-dried, and observed under Olympus BX51 optical microscopy (Olympus, Tokyo, Japan).

ChIP {#sec028}
----

Cells (2 x 10^7^) were treated with 1% formaldehyde in a medium for 10 minutes at 37°C, followed by addition of glycine (final concentration, 0.125 M). After washing with PBS, cells were lysed on ice and sonicated to obtain 500--1000-bp sheared chromatin fragments. Subsequent ChIP steps were performed according to the protocols from Upstate Biotechnology (Charlottesville, VA, USA). Each reaction included 2 μg anti-PU.1 (Cell Signaling Technology, Beverly, MA, USA); anti-IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) served as the unspecific control. The presence of target DNA sequences was detected by PCR and qRT-PCR. PCR products were resolved by 2% agarose gel electrophoresis. qRT-PCR analysis of fragments containing validated PU.1-binding site, the positive control (pro-CSF1R) and the negative control (UR) were carried out three times with the primers listed in [S2 Table](#pgen.1006259.s008){ref-type="supplementary-material"}. The relative occupancy of the immunoprecipitated factor at a locus is examined via the comparative threshold method \[[@pgen.1006259.ref052]\]. For every promoter studied, a ΔCt value was calculated for each sample by subtracting the Ct value for the input (to account for differences in amplification efficiencies and DNA quantities before immunoprecipitation) from the Ct value obtained for the immunoprecipitated sample. A ΔΔCt value was then calculated by subtracting the ΔCt value for the sample immunoprecipitated with PU.1 antiserum from the ΔCt value for the corresponding control sample immunoprecipitated with normal rabbit serum. Fold differences (PU.1 ChIP relative to control ChIP) were then determined by raising 2 to the ΔΔCt power. The equation used in these calculations is summarized as fold difference (PU.1 ChIP relative to control ChIP) = 2\[Ct(control)---Ct(PU.1)\], where Ct = Ct (immunoprecipitated sample)--Ct (input).

Co-immunoprecipitation {#sec029}
----------------------

THP1 cells were infected with a lentivirus overexpressing miR-22 or GFP control, then treated with PMA for 48 hours for co-immunoprecipitation. The Dynabeads Protein G (Invitrogen) was incubated with anti-PU.1 antibody (Santa Cruz Biotechnology) or anti-c-Jun antibody (Santa Cruz Biotechnology) or IgG (Santa Cruz Biotechnology) in antibody binding and washing buffer at room temperature with a 20-minutes rotation. The Dynabeads-antibody complexes were washed one time using antibody binding and washing buffer then incubated with the whole cell lysates at 4°C overnight. For Western blot analysis, the Dynabeads-antibody-antigen complexes were washed four times with washing buffer, and the proteins were separated by SDS-PAGE.

Production of recombinationant lentiviruses and infection {#sec030}
---------------------------------------------------------

For construction of the recombinant lentiviruses that expresses specific shRNAs against *MECOM* or *PU*.*1*, the targeted sequences (see [S2 Table](#pgen.1006259.s008){ref-type="supplementary-material"}) were synthesized and inserted into the pLentiLox 3.7-RNAi plasmid (Invitrogen) following the manufacturer's protocols. For construction of the recombinant lentivirus that expresses miR-22, a 300-bp DNA fragment containing the miR-22 precursor was amplified and inserted into pMiRNA1 vector. The miRZip lentivector construct expressing miRZip shRNAs targeting miR-22 (Lenti-ZIP-miR-22) was purchased from SBI (Mountain View, CA, USA). The virus packaging was performed using a packaging kit from SBI (Mountain View) according to the manufacturer's instructions. The lentivirus particles (Lenti-miR-22, Lenti-Con, Lenti-ZIP-miR-22, Lenti-ZIP-Con, shMECOM, shPU.1, shCon) were harvested and concentrated using PEG-it Virus Precipitation Solution (SBI). The lentiviral particles were added into the THP1 cells or CD34^+^ cells in the presence of Polybrene (5 μg/mL; Sigma, St. Louis, MO, USA). The cells were washed with PBS 24 hours after infection and exposed to lineage-specific differentiation cultures or plated for colony-forming assay.

Statistics {#sec031}
----------

A Student's *t*-test (two-tailed) was performed to analyze the data. The correlation between miR-22 and *MECOM* mRNA as well as between miR-22 and *PU*.*1* mRNA was examined by Pearson correlation analysis. P-values \<0.05 were considered to be significant.

Supporting Information {#sec032}
======================

###### Roc curve analysis of miR-22 levels in the AML samples.

The Area under the curve (AUC), sensitivity and specificity are 0.907 (P\<0.0001), 0.785, 0.982 respectively in PBMNC. The AUC, sensitivity and specificity are 0.896 (P\<0.0001), 0.780, 1.00 respectively in BMMNC. The AUC, sensitivity and specificity are 0.960 (P\<0.0001), 0.840, 1.00 respectively in BMCD34^+^ cells.

(JPG)

###### 

Click here for additional data file.

###### Relative miR-22 levels were determined by qRT-PCR in the transfected cells.

THP1 and HL60 cells were transfected with miR-22 mimics, anti-miR-22, or control (Scr or Anti-Con) and then treated with PMA for 48 hours. U6 snRNA was used as an internal control. Error bars represent SD (n = 3).

(JPG)

###### 

Click here for additional data file.

###### Immunoblotting of MECOM, GATA2, p-c-Jun, c-Jun and PU.1 levels in the transfected HL-60 cells.

HL-60 cells were transfected with miR-22 mimics or anti-miR-22 or their controls, and then encountered PMA induction for 48 hours. Densitometric values normalized on the basis of GAPDH expression were indicated below the corresponding lanes, and shown as fold relative to that in the cells transfected with the control. (representative; n = 2)

(TIF)

###### 

Click here for additional data file.

###### Lenti-miR-22 infection improved monocyte/macrophage differentiation of AML BM CD34^+^ HSPCs.

**A**. Flow cytometry analysis of monocyte/macrophage induction cultures of the Lenti-miR-22- or Lenti-Con-infected CD34^+^ HSPCs derived from seven patients. BM CD34^+^ HSPCs from two normal persons were induced to monocyte/macrophage differentiation as controls. The red line curve represents the unstained cells. **B**. Representative May-Grünwald Giemsa staining of the cells collected at day 9 in the induction culture of the infected HSPCs derived from AML patients \#48, \#72, \#79 and HSPCs from two normal controls. The cells were observed under × 400 magnification. The differentiated cells were indicated by arrows. **C**. qRT-PCR of miR-22 expression in the infected cells from patients \#48, \#72 and \#79. Data at Day 9 were shown.

(TIF)

###### 

Click here for additional data file.

###### miR-22 inhibites the growth of HL60 and THP1 cells.

HL60 and THP1 cells were transfected with miR-22 mimics, anti-miR-22 or relative controls, cultured and harvested at the indicated time for CCK-8 detection.

(TIF)

###### 

Click here for additional data file.

###### Lentivirus-mediated miR-22 reintroduction improved monocyte/macrophage differentiation better in the BM CD34^+^ HSPCs derived from AML patients with high MECOM compared to those with low MECOM.

**A**. The relative *MECOM* mRNA levels in PB MNCs from the seven AML patients. Taqman real-time PCR was performed in triplicate. PiggyBac transposable element derived (*PGBD*) mRNA was used as internal control. One common sample (SKVO3 cell) was detected in every real-time PCR operation to eliminate the errors among different plates. The data was normalized to endogenous *MECOM* mRNA expression in SKVO3 cells. Relative expression of *MECOM* mRNA ≥0.1 was considered as high MECOM expression (MECOM^high^), and \<0.1 as low MECOM expression (MECOM^low^) (See reference 36 in the paper). \# The expression level was undetermined because the CT value is \>38. **B**. Significantly increased percentage of CD14-positive cells was detected in the induction culture of BM HSPCs infected with Lenti-miR-22 than with Lenti-Con in either MECOM^high^ group or MECOM^low^ group. Data at day 9 was shown. **C**. A comparison of the percentage points increased by Lenti-miR-22 infection between the MECOM^high^ and MECOM^low^ groups. Data was shown as the mean ± SD. Statistical analysis was performed using the Student's two sided *t*-test.

(TIF)

###### 

Click here for additional data file.

###### Characteristics of AML patients used in the detection of miR-22 in PBMNCs, BMMNCs and BM CD34^+^ HSPCs.

(XLS)

###### 

Click here for additional data file.

###### The primers used in this study.

(PDF)

###### 

Click here for additional data file.
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